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HyperpolarizationElectrical signaling in animals ensures the rapid and accurate transmission of information, often carried by
voltage-gated Na+, Ca2+ and K+ channels that are activated by membrane depolarization. In heart and neu-
rons, a distinct type of ion channel called the hyperpolarization-activated, cyclic nucleotide-regulated (HCN)
channel is activated by membrane hyperpolarization. Recent genomic studies have revealed that animal-type
voltage-gated Na+ channels (Liebeskind BJ, et al. 2011. Proc Natl Acad Sci U S A. 108:9154) had evolved in
choanoﬂagellates, one of the unicellular relatives of animals. To date, HCN channels have been considered
to be animal-speciﬁc. Here, we demonstrate the presence of an HCN channel homolog (SroHCN) in the choa-
noﬂagellate protist Salpingoeca rosetta. SroHCN contains highly conserved functional domains and sequence
motifs that are correlated with the unique biophysical activities of HCN channels. These ﬁndings provide
novel genomic insights into the evolution of complex electrical signaling before the emergence of multicellu-
lar animals.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Rapid and accurate transmission of information is critical for mul-
ticellular animals to establish intra- and intercellular communications
to regulate and coordinate the activity of cells or tissues. Transmission
of electrical signals, often carried by voltage-gated Na+ (NaV), Ca2+
(CaV) and K+ (KV) channels, plays an important role in regulating a
variety of cellular processes such as heart contraction, synaptic trans-
mission, and learning and memory [1]. Upon activation by membrane
depolarization, the voltage sensor(s) of NaV, CaV and KV channels un-
dergoes electrically-driven outward movement and rotation, which
leads to the opening of the channel pore (Fig. 1A) [2].
It generated considerable interest among physiologists when
several studies reported that membrane hyperpolarization could
also induce activation of hyperpolarization-activated currents, com-
monly known as Ih, (or If or Iq), in heart and neurons [3,4]. In
marked contrast to NaV, CaV and KV channels, membrane hyperpo-
larization induces inward movement of the voltage sensor in the
hyperpolarization-activated, cyclic nucleotide-gated (HCN) chan-
nels, resulting in channel opening (Fig. 1A) [5,6].
Ih currents are involved in regulating numerous important physi-
ological functions, including cardiac and neuronal pacemaker activity,
modulation of membrane resistance and resting potential, synaptic9, New York University Lan-
w York 10016, USA. Fax: +1
rights reserved.transmission and dendritic integration (Fig. 1A) [7–10]. The funda-
mental roles of Ih currents in heart and neurons suggest that HCN
channels likely had arisen to modulate electrical activity during the
evolution of complex electrical signaling in select cell types of ani-
mals. Indeed, Ih currents and HCN channels have been characterized
in vertebrates and several invertebrate species, but they are generally
believed to be absent in non-metazoan organisms such as fungi and
protists [9,11].
In mammals, four members of the HCN channel family (HCN1-4)
constitute the molecular basis of Ih in various tissues [7,9,10]. Similar
to many members of the superfamily of voltage-gated ion channels,
particularly KV channels [1,12], HCN channels form a central ion-
conducting pore surrounded by four pore-forming α subunits [8].
Each α subunit contains several evolutionarily conserved domain/
motif regions underlying their unique functional properties [7–9] —
a six-transmembrane segment (S1-6) including a positively charged
S4 segment (voltage sensor) and a pore loop and GYG motif between
S5 and S6 (ion selectivity ﬁlter), and a cyclic nucleotide-binding do-
main (CNBD) in the C-terminus (cAMP sensitivity) (Fig. 1B).
The evolutionary genomics of animal electrical signaling and of
ion channels in particular has been intensively studied because of
its importance for exploring the origin and the development of mem-
brane excitability and the nervous system [13,14]. Recently, an
animal-type NaV channel homolog was identiﬁed in the choanoﬂagel-
late protistMonosiga brevicollis [15], one of the closest unicellular rel-
atives of animals [16]. The long-held hypothesis that animal-type NaV
channels had evolved during the development of the nervous system
and fast-conducting axons in ancestral multicellular animals [17] has
Fig. 1. Schematic representation of opposite gating polarity of voltage-gated ion chan-
nels and HCN channel structure. (A) The voltage sensor(s) of voltage-gated Na+, Ca2+
and K+ channels moves outward during activation by membrane depolarization [2]. In
contrast, membrane hyperpolarization induces inward movement of the voltage sensor
of HCN channels during channel activation [5,6]. (B) Each HCN channel α-subunit is
composed of six transmembrane segments (S1–S6), including the voltage sensor S4
and a pore-forming P-loop between S5 and S6, followed by a C-linker region and a cy-
clic nucleotide-binding domain (CNBD) in the C-terminus. The GYG motif in the P-loop
constitutes the ion selectivity ﬁlter.
Fig. 2. Evolutionary origin of HCN channels in Opisthokonta. (A) Schematic diagram il-
lustrating the evolutionary history of select species in Opisthokonta and their relation-
ships within other eukaryotes, inferred from the Tree of Life project (http://www.
tolweb.org/) and recent references [22,26]. Based on the analysis of currently available
genomic databases, homologs of animal-type Na+ channels [24] and HCN channels are
found as early as in the apusozoan protist T. trahens and the choanoﬂagellate S. rosetta,
respectively. (B) Phylogeny of HCN and CNG channel homologs from select species. The
phylogenetic tree was constructed by using the maximum likelihood approach, with
the plant KAT1 channel and the paramecium PAK1 channel as the outgroup. Bootstrap
values greater than 60 are shown at the nodes. Choanoﬂagellate homologs (SroHCN,
MbrCNG1 andMbrCNG2) are highlighted by gray rectangular boxes. Tree branches con-
taining the choanoﬂagellate homologs are indicated by ﬁlled circles. Abbreviations used
for species: Anolis carolinensis (Aca); Arabidopsis thaliana (Ath); Danio rerio (Dre); Gal-
lus gallus (Gga); H. sapiens (Hsa); Monosiga brevicollis (Mbr); Meleagris gallopavo
(Mga); Mus musculus (Mmu); Oncorhynchus mykiss (Omy); Oryctolagus cuniculus
(Ocu); Paramecium tetraurelia (Pte); Salpingoeca rosetta (Sro); Strongylocentrotus pur-
puratus (Stpu).
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tan animal-type NaV channel.
The choanoﬂagellate M. brevicollis possesses cell surface adhesion
molecules, receptor tyrosine kinases and many other signaling mole-
cules previously thought to be animal-speciﬁc [18–20]. Even though
animal-type NaV and CaV channels are found in M. brevicollis
[15,21], M. brevicollis does not contain HCN channel homologs. In-
stead, two copies of related cyclic nucleotide-gated (CNG) channels,
which are mainly regulated by cyclic nucleotide binding with little
voltage-dependence [8], are present in M. brevicollis [21]. More re-
cently, many components of the integrin adhesion complex [22], the
Ca2+ signaling pathway [23], and an animal-type NaV channel homo-
log [24], were revealed in the apusozoan protist Thecamonas trahens,
which belongs to the putative unicellular sister group to Opistho-
konta (animals, fungi and their unicellular relatives including M. bre-
vicollis) (Fig. 2A) [25,26].
These ﬁndings prompted us to search for the ancient origin of an-
imal HCN channels in Opisthokonta in order to gain mechanistic and
evolutionary insights into the unique hyperpolarization activation
and cyclic nucleotide regulation in HCN channels. In this study, we in-
vestigated the evolutionary pattern of HCN channels in early animal
and fungal evolution by examining genomic data from several
close relatives of animals and fungi. We show that an animal-type
HCN channel homolog is present in the choanoﬂagellate Salpingoeca
rosetta. Therefore, the opposite gating polarity of animal-type
hyperpolarization-activated voltage-gated ion channels appears to
have evolved before the origin of multicellular animals.
2. Results and discussion
2.1. Identiﬁcation of an HCN channel homolog in the choanoﬂagellate
protist Salpingoeca rosetta
The amoeboid holozoan Capsaspora owczarzaki, one of the unicel-
lular lineages branching close to choanoﬂagellates and animals [26],
lacks HCN and CNG channel homologs. C. owczarzaki also does nothave CaV and NaV channel homologs [23,24]. Although CNG channel
homologs are found in M. brevicollis [21], they appear to be absent
in the genome of S. rosetta. In contrast to the unicellular living style
of M. brevicollis, S. rosetta is known to be capable of forming simple
multicellular colonies from single cells [27,28]. Interestingly, a copy
of HCN channel homolog sharing high degree of sequence similarities
with known HCN functional domains is present in S. rosetta (SroHCN)
(Figs. 2B and 3). A similar observation is also documented for the in-
tracellular Ca2+ release channel ryanodine receptor, whose homolog
is identiﬁed in S. rosetta, but not in M. brevicollis [23]. Thus, the iden-
tiﬁcation of an HCN channel homolog in the choanoﬂagellate protist S.
rosetta suggests that HCN channels had originated before the evolu-
tion of the cardiac and nervous systems and the emergence of multi-
cellular animals.
Fig. 3. Sequence alignments of the P-loop region, the S4 segment, the C-linker region and the CNB domain in SroHCN, StpuHCN, human HCN and CNG channels, and human KV1.1
channel. (A) Sequence alignment of the P-loop region. The GYG selectivity ﬁlter is indicated by a black horizontal bar. G480R, marked by an asterisk symbol, indicates the location of a
human HCN4 mutation associated with cardiac arrhythmia. Three black arrows show the equivalent locations of Cys428 (facing cytoplasmic side), Lys433 and Phe434 (facing ex-
tracellular side) in the sea urchin StpuHCN pore topology study [32], which are all conserved in SroHCN. (B) Sequence alignment of the S4 segment. The ﬁlled black circle marks the
location of the conserved Ser/Thr residue at the middle of S4 segment, which interrupts the regular pattern of a positively charged residue in every third position on the voltage
sensor [34]. The black horizontal bar and four black arrows indicate the portion of HCN S4 segment and the location of four Arg residues conserved in the Shaker and KvAP K+ chan-
nels [34], respectively. The white horizontal bar shows the part of HCN S4 segment thought to contain extra basic residues in HCN channels [11]. (C) Sequence alignment of the C-
linker region. The location of two human HCN4mutations (D553N and L573X) is indicated by asterisk symbols. (D) Sequence alignment of the CNBD region. The location of a human
HCN4mutation (S672R) is indicated by an asterisk symbol. Seven amino acids (E582, R591, T592, R632, R635, I636, K638) in HCN2 critical for cAMP binding [37] are marked by ﬁlled
gray circles, with two ﬁlled black circles designating the location of two critical residues — R591 [36] and R632 [37].
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To understand the evolutionary basis for these key features of an-
imal HCN channels, we examined the dynamic conservation and di-
vergence patterns of these HCN channel domains/motifs in early
animal evolution.
2.2.1. P-loop and GYG motif (ion selectivity ﬁlter)
The most notable feature of the P-loop region in mammalian HCN
channels is the conservation of the CIGYG motif [7,9], which resem-
bles the selectivity ﬁlter TXGYG in KV channels [29]. CNG channels
do not harbor this GYG motif, instead having a conserved Glu residue
offering a binding site for monovalent and divalent cations in the pore
region [30]. The CIGYG motif is well conserved in SroHCN (Fig. 3A).
In most KV channels, the selectivity motif is conserved as a
“TXGYGD” with an acidic residue at the C-terminal side and a cluster
of threonine residues at the N-terminal end [29,31]. A positively
charged or neutral residue is present at C-terminal side in all animal
HCN channels bearing the CIGYG motif, and an “SHML” sequence at
the N-terminal end [11,31,32]. Similar to animal HCNs, the CIGYG
motif is followed by a Lys residue in SroHCN as in “SHMLCIGYGK”
(Fig. 3A). Except for one amino acid, the pore region of SroHCN isalmost identical to that of the sea urchin Strongylocentrotus purpura-
tus HCN channel (StpuHCN) (Fig. 3A). Thus, the ion selectivity motif
in HCN channels had appeared in the choanoﬂagellate protist S.
rosetta.
2.2.2. Positively charged S4 segment (voltage sensor)
Mammalian HCN channels exhibit two distinct patterns in the S4
segment (Fig. 3B)— one is the presence of a particularly large number
of basic residues (2 Lys and 7 Arg residues) [11,33,34] and another is a
hydrophilic Ser residue that is located in the middle of S4 segment,
breaking the regular pattern of a positively charged residue in every
third position [31,34]. The last four Arg residues are believed to corre-
spond to the four Arg residues responsible for gating charge move-
ments in the Shaker and KvAP KV channels [34]. The ﬁrst ﬁve
positively charged residues at the N-terminal part of S4 before the
Ser residue are considered to be additional basic residues [11]. As
shown in Fig. 3B, SroHCN shares these two unique patterns with ani-
mal HCN channels — a hydrophilic Thr residue separates the ﬁrst ﬁve
and the last four basic residues. Thus, consistent with the emergence
of the conserved ion selectivity ﬁlter, the animal-type S4 segment of
HCN channels also had likely arisen as early as in the choanoﬂagellate
protist S. rosetta.
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The C-terminal region of HCNs contains a ~120-amino acid CNBD
domain, which mediates cAMP binding, and a C-linker domain that
transmits the structural rearrangement of the CNBD induced by
cAMP binding to the channel gate [8,9]. The crystal structure of the
C-linker and CNBD domains has been determined and critical resi-
dues responsible for ligand binding have also been examined in detail
[35–37]. Despite the fact that vertebrate and invertebrate HCN chan-
nels display sequence divergence in their C-termini [11] and even dif-
ferences in cyclic nucleotide binding speciﬁcity [36], their overall
structures and key residues are generally conserved. In HCN2, a
group of seven amino acids (E582, R591, T592, R632, R635, I636,
K638) mediate strong interaction with the ligand in the binding pock-
et for cAMP [37]. For instance, R591 located in the β-roll forms an
electrostatic interaction with the phosphate of cAMP [36]. In addition,
R632 in the C-helix is essential for ligand efﬁcacy through selectively
stabilizing the ligand binding to channel opening [37]. SroHCN shows
well conserved features in the C-linker and CNBD domains including
the conservation of R591 and R632 residues in HCN2 (Figs. 3C and D).
2.2.4. HCN4 mutations in inherited cardiac arrhythmias
So far, four inherited mutations in the human HCN4 gene have
been described to be associated with various forms of cardiac ar-
rhythmia [10,33]. Except for one nonsense mutation (1631delC)
which results in a truncated channel without the CNBD (L573X)
[38], the other three mutations are missense mutations (G480R,
D553N, and S672R) leading to changes in HCN4 channel properties
[39–41]. The G480R mutation occurs in the GYG selectivity motif of
the P-loop, disrupting proper HCN4 function [39]. G480 in HCN4 is
conserved in SroHCN (Fig. 3A). Located in the C-linker region, the
D553N mutation is associated with reduced plasma membrane tar-
geting and Ih current [41]. An Asp residue is present at the corre-
sponding position of D553 in SroHCN (Fig. 3C). The S762R mutation
induces a shift to activation by more hyperpolarized voltages without
changing cAMP sensitivity [40]. S762 and its surrounding amino acids
are highly conserved in SroHCN (Fig. 3D). Therefore, these missense
mutation sites appear to be preserved in the choanoﬂagellate protist
S. rosetta, consistent with their important roles in regulating channel
properties.
Previous studies have suggested that cAMP-mediated signaling
pathways had evolved in early unicellular eukaryotes [42], and that
CNBDs are present in the bacterial cyclic nucleotide-regulated K+
channel MolK1 [43,44], some paramecium K+ channels [45], and
plant KAT1-related K+ channels [8]. However, functional characteri-
zation of these channels did not match the unique biophysical prop-
erties of HCN channels such as a mixed Na+ and K+ selectivity. For
example, MloK1 is highly K+ selective and shows no voltage-
dependent gating [43,44]. Indeed, these K+ channels do not have
the unusual large numbers and the breaking pattern of positive
charges in the S4 segment of HCNs, and their P-loop sequences and
the sequence motif are more similar to those found in KV channels,
not the conserved “SHMLCIGYG” motif found in HCN channels. Simi-
larly, we identiﬁed four sequences in T. trahens and three sequences
in the basal fungus Spizellomyces punctatus bearing some degree of
similarities with HCN channels, however, all of them lack the selectiv-
ity motif and the breaking pattern of S4 conserved in HCN channels.
3. Conclusion
We have demonstrated that the HCN channels critical for normal
physiological functions in the cardiac and nervous systems had
evolved in the choanoﬂagellate S. rosetta, one of the closest unicellu-
lar relatives of animals. As a colony-forming choanoﬂagellate, S. roset-
ta is shown to be capable of differentiating into at least ﬁve distinct
cell types in response to diverse environmental factors [27,28]. CaV,
NaV and KV channels are all present in S. rosetta, and therefore, theevolution of such a hyperpolarization-activated channel would likely
contribute to the regulation of membrane potentials and excitability.
In addition, HCN channels are proposed to ensure the timely activa-
tion of CaV channels and modulate the ﬂagellar motility and swim-
ming trajectory of animal sperm towards the gradient of a
chemoattractant [46]. Coupled with sensitivity to the second messen-
ger cAMP and/or cGMP, SroHCNmight be able to regulate the motility
and the rhythmic activity of S. rosetta that also swims with a single
ﬂagellum like animal sperm. Further functional characterization of
SroHCN will no doubt provide novel insights into our understanding
of the relationship between structure and function of HCN channels
and the evolution of complex electrical signaling in protists.
4. Materials and methods
4.1. Database searches
Protein sequences of HCN and CNG channels fromHomo sapienswere
used as queries to perform initial BlastP and TBlastN searches against the
Origins of Multicellularity Database (http://www.broadinstitute.org/
annotation/genome/multicellularity_project/MultiHome.html),the Broad
Institute Genomic Database (http://www.broadinstitute.org/scientiﬁc-
community/data), and the National Center for Biotechnology Infor-
mation Genome Database (http://www.ncbi.nlm.nih.gov/blast/). In
order to identify potential distantly related homologs in non-
metazoan organisms that might not be detected by using H. sapiens
query proteins, repeated BLAST searches using hit sequences from
the ﬁrst round of searches were also performed against the above
databases.
In cases when TBlastN searches identiﬁed putative genes of inter-
est that had not been annotated, or when currently annotated genes
in the databases were believed to be incomplete, GeneMark.hmm
and FGENESH programs (http://www.softberry.com/berry.phtml?
topic=index&group=programs&subgroup=gﬁnd) were used to pre-
dict the genes of interest by using identiﬁed DNA segments and their
neighboring regions of genomic sequences. In addition, PHMMER
searches (HMMER 3.0, http://hmmer.janelia.org/) were also per-
formed against protein datasets downloaded from the Origins of Mul-
ticellularity Database.
Conserved protein domains/motifs were identiﬁed using the
SMART and Pfam web servers. Literature searches were also used to
examine the locations of highly conserved motifs/amino acid residues
important for ion channel function.
4.2. Multiple sequence alignments and phylogeny analyses
Non-redundant protein sequences were aligned using MAFFT [47]
and were subsequently manually edited to improve alignments dis-
played with the Blosum62 Similarity Scoring Table. Poorly aligned
sites from the multiple sequence alignments were eliminated by
using Gblocks [48]. Unambiguous sequence alignments were then
exported to ﬁles in PHYLIP format. Next, ProtTest [49] was employed
to select the best-ﬁt evolution model and parameter estimates for the
phylogeny reconstruction.
Maximum likelihood phylogenies were performed using PHYML
3.0 [50], with 100 resampled data sets obtained using SEQBOOT
(PHYLIP package, V 3.69), the LG amino acid substitution model, esti-
mated portions of invariable sites and the four-category discrete-
gamma model (LG+I+G) as selected by ProtTest.
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